Controlled growth of crosslinked polyamide (PA) thin films is demonstrated at the interface of a monomer-soaked hydrogel and an organic solution of the complementary monomer.
Abstract
Controlled growth of crosslinked polyamide (PA) thin films is demonstrated at the interface of a monomer-soaked hydrogel and an organic solution of the complementary monomer.
Termed gel-liquid interfacial polymerization (GLIP), the resulting PA films are measured to be chemically and mechanically analogous to the active layer in thin film composite membranes. PA thin films are prepared using the GLIP process on both a morphologically homogeneous hydrogel prepared from poly(2-hydroxyethylmethacrylate) (PHEMA) and a phase-separated, heterogeneous hydrogel prepared from poly(acrylamide) (PAAm). Two monomer systems are examined: trimesoyl chloride (TMC) reacting with m-phenylene diamine (MPD) and TMC reacting with piperazine (PIP). Unlike the self-limiting growth behavior in TFC membrane fabrication, diffusion-limited, continuous growth of the PA films is observed, where both the thickness and roughness of the PA layers increase with reaction time. A key morphological difference is found between the two monomer systems using the GLIP process: TMC/MPD produces a ridge-and-valley surface morphology whereas TMC/PIP produces nodule/granular structures. The GLIP process represents a unique opportunity to not only explore the pore characteristics (size, spacing, and continuity) on the resulting structure and morphology of interfacially polymerized thin films, but also a method to modify the surface of (or encapsulate) hydrogels.
Introduction
Interfacial polymerization between a triacid chloride and a diamine is the current state-ofthe-art method for producing the selective layer in thin film composite (TFC) membranes. [1] [2] [3] Reverse osmosis-based membranes are comprised of a highly crosslinked, fully-aromatic polyamide (PA) that result from the interfacial polymerization of trimesoyl chloride (TMC) and m-phenylene diamine (MPD), whereas nanofiltration-based membranes are comprised of a less crosslinked, semi-aromatic PA that result from the interfacial polymerization of TMC and piperazine (PIP). To create the selective PA layer, an aqueous diamine solution is first absorbed into a porous support, followed by immersion in an organic solution (e.g., hexane) containing a triacid chloride. The polycondensation reaction between the diamine and triacid chloride at or near the oil-water interface produces a highly crosslinked PA layer that can efficiently separate water and ions. The interfacial polymerization process is known to have the following characteristics: it is self-limiting as reactants have to diffuse through a nascent but highly crosslinked PA film, which ultimately leads to ultrathin layers; it occurs just across the oilwater interface within the organic phase due to the slight solubility of the diamine in the organic solvent; and it often produces highly rough surface morphologies that have been associated with increased fouling propensity of these types of membranes. [4] [5] Given the importance of these membranes in addressing the rising challenge of water treatment, numerous efforts have focused on understanding and controlling both the structure and morphology of the PA layers in TFC membranes. [2, [6] [7] [8] [9] For example, Karan et al. prepared PA nanofilms as thin as 8 nm with reduced surface roughness by limiting the monomer concentrations and extending the reaction times during interfacial polymerization. [6] Tan et al.
achieved Turing structures on the PA layers, including both nanoscale spotted and tubed structures, by increasing the viscosity of the aqueous solution and hence slowing down the diffusion of the diamine during the interfacial polymerization. [7] Mariën et al. used an ionic liquid as the organic solvent to reduce the thickness of the interfacial reaction zone, which led to a relatively smooth PA layer. [10] [11] Finally, Ghosh et al. showed that the pore size, degree of hydrophilicity and surface morphology of the porous support had a dramatic impact on the structure and morphology of the interfacially polymerized PA layers. [12] Recently, we proposed a variant of the interfacial polymerization process, which we termed gel-liquid interfacial polymerization (GLIP), where an organogel consisting of a crosslinked polydimethylsiloxane (PDMS) slab swollen with a solution of TMC in hexane was submerged in an aqueous MPD solution. [13] As in typical interfacial polymerization, the reaction between TMC and MPD occurs just across the interface in the organic phase, which in this case consists of the PDMS organogel. As a result, a homogeneous, hybrid skin layer forms that resembles a semi-interpenetrating PA/PDMS network. The replacement of the organic solution with an organogel allows us to carry out interfacial polymerization on both flat and patterned gel surfaces, as well as tune the hybrid skin layer composition via the GLIP process parameters.
The presence of the dense skin layer dramatically improves the gas barrier properties of the PDMS without sacrificing the elasticity and flexibility of the PDMS.
Here, we propose the contrasting geometry using the GLIP process: instead of replacing the organic phase with an organogel, we replace the aqueous phase with a hydrogel. Specifically, both a homogeneous hydrogel and a heterogenous hydrogel are used as supports (and amine reservoir) for the GLIP process. A homogeneous hydrogel does not possess physical pores but rather consists of a swollen polymer network with a mesh size of around a few nanometers, while a heterogeneous gel is comprised of a sponge-like internal microstructure with pore sizes from tens to hundreds of nanometers. This combination allows us to investigate the role of pore size on the interfacial polymerization process, where pore sizes are both above and below the typical range of pore sizes (typically around tens of nanometers) found in traditional supports such as porous polysulfone and polyacrylonitrile. [12] Unlike the organogel-based GLIP process that forms a semi-interpenetrating hybrid skin layer, the hydrogel-based GLIP process exhibits the formation of a pure PA layer atop the hydrogel supports. Moreover, unlike interfacial polymerization on porous supports, the PA layers appear to grow continuously with reaction time and thus is not observed to be selflimiting. The characteristics of the PA layer growth are compared with that of both conventional TFC membranes and PA from conventional interfacial polymerization, and differences between homogeneous and heterogenous hydrogels are investigated. This study not only provides additional insights into the growth mechanism that leads to the complex PA layer morphology, but also provides a new and facile method for surface modification of hydrogels. sulfonic acid (CSA, 99 %), and hexane (anhydrous, 95 %). All chemicals, unless otherwise specified, were used as received. Deionized water was generated from a RiOs-DI water system (MilliporeSigma) with a resistivity of 10 MΩ-cm.
Materials and methods
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Hydrogel preparation
Homogeneous hydrogels were formulated based on crosslinked HEMA (PHEMA). A 
Hydrogel-based GLIP processes
This study used TMC/MPD and TMC/PIP (chemical structures are shown in Figure 1a) as model monomer systems for the GLIP process, consistent with the interfacial polymerization process used in TFC membranes. [15] The GLIP processes on both PHEMA and PAAm hydrogel systems are schematically shown in Figure 1b . A PHEMA or PAAm hydrogel sample was swollen in an aqueous solution containing MPD or PIP (2 % by mass), additive CSA (4 % by mass), and catalyst TEA (2 % by mass) for 12 h. The swelling ratio (Qs) of the hydrogel sample was estimated as,
where Ws and Wd are the mass of hydrogel in the swollen and dry states, respectively. Qs was determined to be 50.1 % for PHEMA hydrogels and 4280 % for PAAm hydrogels after soaking.
Upon removing excess solution from the surface, the monomer-containing hydrogel was quickly immersed in a hexane solution containing TMC (0.2 % by mass) for different amounts of time to form the crosslinked PA layer on the hydrogel surface. The PA/hydrogel sample was then rinsed thoroughly with hexane to remove any unreacted species and dried under ambient conditions for 48 h.
Characterizations of the polyamide barrier layer
Surface and cross-sectional morphologies of the PA layer formed on the hydrogels were characterized by field-emission scanning electron microscopy (FESEM, JEOL JSM-7401F).
The cross-sections were prepared by freeze fracture in liquid nitrogen, and all the samples were coated with a ≈ 5 nm gold layer before SEM measurement.
The thickness of the PA layers formed on PAAm hydrogels was measured by atomic force microscopy (AFM, DI 3100, Bruker) in tapping mode using Si cantilever tips (Veeco, RTESP), after they were separated from the hydrogel surface and transferred onto a silicon wafer. Due to this film transfer method, the bottom surface of the PA film (in contact with the hydrogel) became the top surface on the Si wafer. The thickness of the films was determined by scanning across the edge of the PA layer. Three measurements were carried out for each sample at randomly selected locations, and the average thickness was reported. The PA films formed on PHEMA hydrogel displayed strong adhesion with the PHEMA both in the wet and dry states and thus could not be isolated. Therefore, the thickness of these PA films was estimated from cross-sectional SEM images.
To probe the nanoscale mechanical properties of the PA layer after it was transferred onto a Si wafer, a second AFM (Cypher, Asylum Instruments) was used in fast-force mapping mode.
This technique provides rapid force-volume mapping of surfaces, which calculates a spatiallyresolved modulus of the sample surface. The probe used for mapping was calibrated by performing a fast-force map on a polystyrene sample with known modulus. A cantilever with a spring constant of 27.8 N/m (PPP-NCLR, Nanosensors) was chosen as it provided sufficient sensitivity when performing force curves on the sample. An indentation force of 150 nN was chosen for mapping since the resulting indentation depth, 10 nm ± 2 nm, provided sufficient signal for a contact mechanics model to calculate sample modulus. The default Hertz contact mechanics model was used to fit the force curves, using a tip radius of 15 nm, determined from the calibration, as an input into the model. The z-axis in the resulting images represents the surface topography while the color overlay displays modulus.
To probe the effective modulus of the entire PA film, a buckling/wrinkling-based method was employed. [14] In this case, the film needed to be physically transferred to a soft, compliant
substrate. This could only be achieved for the PA films formed on PAAm, since the adhesion between the film and the hydrogel was sufficiently low. A PA film formed on PAAm after a reaction time of 15 s was transferred onto a pre-stretched PDMS substrate (10 % tensile strain).
The unloading of the pre-strain in the PDMS compressed and wrinkled the stiff PA film. The wrinkle wavelength was determined by AFM and was used to estimate the effective modulus of the PA film.
X-ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS Ultra DLD spectrometer with a mono-chromated Al Kα source operating at 1486.6 eV and 140 W. The base pressure of the sample analysis chamber was ≈ 2.0 × 10 −9 Pa, and spectra were collected from a nominal spot size of 300 μm × 700 μm. Atomic composition was determined from survey scans over a binding energy range of (0 to 1200) eV, pass energy of 160 eV, step size of 0.5 eV, and dwell time of 0.1 s. All XPS data analysis was performed using the CasaXPS software package.
Attenuated total reflection Fourier Transform infrared (ATR-FTIR) spectra were collected on a Thermo Nicolet 6700 with a PIKE VeeMAX II variable angle accessory and a liquid nitrogen-cooled MCT detector. Spectra were collected on a 65° Ge ATR crystal and were averaged over 100 scans. The angle of incidence on the VeeMAX II was set to match the ATR crystal (65°). A pressure clamp was used to ensure intimate contact between the sample and the crystal.
Results and discussion
Characteristics of the hydrogel reservoirs
It is believed that characteristics of the porous support, typically an ultrafiltration-type membrane, has significant influence over the PA layers formed in TFC membranes. [12] Typically, interfacial polymerization of TMC and MPD results in the so-called ridge-and-valley structures (an example of a commercial membrane is shown in Figure S1a ). [15] Li et al.
hypothesized that the Marangoni convection of MPD solution from the pores into the TMC solution leads to the formation of the ridge-and-value morphology while simple convection of MPD solution would lead to smooth surface with small nodules. [16] However, it is unclear how pore size of the support affect the formation of the PA layers, particularly when the pore size is out of the typical range used in fabricating commercial TFC membranes. Unlike the porous support, this paper adopts a homogeneous hydrogel and a heterogeneous hydrogel as amine reservoirs for the interfacial polymerization process (Figure 1 ), which allow us to probe the above question.
PHEMA hydrogels are a typical example of homogenous hydrogel, i.e. no physical pores are present in the swollen state. Instead, homogenous mixing of an aqueous amine solution and PHEMA chains causes a uniform dilation of the PHEMA network, reaching an equilibrium swelling ratio of ≈ 50.1%, estimated using Eq. (1). Accordingly, the average mesh-size of the swollen PHEMA network can be estimated by, [17] = 2,
where is Flory characteristic ratio (6.9 for PHEMA) and 2, is the polymer volume fraction in the swollen hydrogel (calculated to be 0.64 for 5 % mass crosslinker ratio). [18] and � correspond to the molecular mass of the HEMA repeat unit (Mr = 130 g/mol) and the PHEMA chain between two neighboring crosslinking points, respectively, and is the length of the carbon-carbon bond in PHEMA backbone (l = 0.154 nm). � is estimated using the rubber elasticity theory under small deformation, [19] � =
where R is the gas constant, is density of PHEMA ( = 1.27 g/cm 3 ), and Gr is the storage modulus of PHEMA in the rubbery state. Combining Equation (2) and (3) leads to the following expression for the mesh size of the PHEMA hydrogel:
From DMA measurements ( Figure S2 ), Gr was determined to be 1.7 MPa ± 0.2 MPa.
Accordingly, the mesh size of the swollen PHEMA was estimated using Eqnuation (4) to be 2.5 nm ± 0.1 nm. This value is smaller than the average surface pore size (10 nm to 20 nm) of conventional porous supports used for fabricating TFC membranes. On the other hand, the mesh size is much larger than the molecular size of the MPD and PIP (< 1 nm), which allows them to readily diffuse through the hydrogel and partition into the hexane phase and react with TMC.
In contrast to homogeneous hydrogels, heterogenous hydrogels such as the PAAm hydrogels used here have a sponge-like internal microstructure formed during polymerization/crosslinking in the presence of water. Specifically, the PAAm hydrogels has a Qs = 4280.0%. The microstructure of PAAm hydrogels have been deduced using methods such as electrophoresis and rheology. [20] [21] Those studies concluded that the pore size depends on both the percentage of the polymer in the hydrogel (T%) and percentage of crosslinker in the dry polymer (C%). Stellwagen et al. showed that pore size became independent of C% when C% was below 2 %. [20] Accordingly, the T% and C% of the PAAm hydrogel used here are 20 % and 0.07 %, respectively. For C% = 0.5 %, the pore size for T% =20 % can be estimated using, 370 × T -0.39 = 115 nm. Therefore, it can be expected that the PAAm system (T% = 20 %, C% = 0.07 %) prepared here should have a pore size in the range of 115 nm, which is much larger than the surface pore size on conventional porous supports used for preparing TFC membranes. Table S1 . From ATR-FTIR and XPS measurements discussed later, the chemistry of the surface layers is consistent with that of aromatic PA. The formation of PA layers agrees with current understanding that the MPD (PIP)/TMC polymerization zone is just across the interface within the organic phase. In the GLIP process, this means that the reaction is occurring outside the hydrogel, therefore forming the PA layer atop the hydrogel.
Morphologies and kinetic
The MPD-PA layer formed after 15 s displays a sub-micron crease-like morphology with local nodular structures (Figure 2a) . Note that the MPD-PA layer is too thin to be identified in the cross-sectional SEM. The crease structure is caused by the mismatch of shrinkage strain between PHEMA gel and the PA layer upon drying. It has been shown that aromatic PA films derived from MPD/TMC swell marginally in water (e.g. 1.8 % to 11.9 %), [22] which is much lower than the lateral swelling of the PHEMA hydrogels (estimated from 14.1 % to 16.4 %).
As reaction time increased, the surface of the MPD-PA layer becomes rougher and the observable features grows larger (over 10 µm after 70 h, Figure S1c with reported value for the commercial reverse osmosis membranes. [12, 24, [26] [27] In contrast to reverse osmosis membranes fabrication by the reaction between TMC and MPD, nanofiltration membranes formed by the reaction between TMC and PIP are much smoother and much thinner. [8, [28] [29] [30] These key chemical and morphological differences present an excellent opportunity to study how the GLIP process might be affected by monomer choice (MPD vs PIP). Figure 3d -3f show the morphology of the PIP-PA layers formed on PHEMA.
After 15 s reaction, the PIP-PA layer appears very smooth (Figure 2d) , showing neither creases nor nodules as observed in MPD-PA layer. The absence of creases indicates that the PIP-PA had a high degree of swelling after the GLIP process, which is consistent with previous studies that have shown PIP-PA layers on commercial nanofiltration membranes could swell by as much as 26.8 %. [22] The high degree of swelling in PIP-PA means that there will be a smaller strain mismatch between the PIP-PA layer and PHEMA substrate upon drying. After 16 min, the PIP-PA layer displays a network-like structure atop a smooth and dense PIP-PA layer (Figure 2e and Figure S1d ), which further grows into micron-scale structures after 1 h reaction (Figure 2f ). The morphological evolution of the PIP-PA layers on the PHEMA hydrogels is comparable with that on the porous supports. [6, 31] The results above demonstrate that a homogenous hydrogel with a mesh size of (2 to 3) nm, without physical pores, can effectively serve as a reservoir for a GLIP process that forms PA layers with continued growth in thickness and surface features. interfacial polymerization process on porous support. [6, 23, 27] Specifically, the pore-formation on PA layers by GLIP process was only observed at 2 % MPD, but not the lower (0.2 %) and much higher (20 %) MPD concentration. [27] Furthermore, the pores were only observed on the surface of the PA layer that was in direct contact with aqueous phase (comparable to the hydrogels here), regardless of the interfacial polymerization procedure. These pores are believed to correlated with both the internal voids within the PA layer and the rough surface morphology on PA film, [27] as they are the potential entrance for MPD. [32] The morphological evolution of PIP-PA layers formed on PAAm hydrogels (Figure 3d but feature size appears smaller. This trend is somewhat consistent with the study showing that much smoother PA films obtained on support-less, liquid-liquid interfacial polymerization. [33] From cross-sectional SEM images (Figure 4a and 4b) , the MPD-PA layers are much more porous than both the PIP-PA layers (the 16 min samples are shown in Figure S3 ) and the MPD-PA layers formed on PHEMA hydrogels (Figure 2c ). This comparison is consistent with the observation that PA layers formed on porous supports with larger pores were rougher and more complex. [12] In contrast, PIP-PA layers have a composite type of structure: rough nodules on top of a continuous layer, which was again consistent with the PIP-PA formed on PHEMA hydrogel ( Figure 2f ).
In comparison, the PA film from support-free interfacial polymerization using similar monomer formulations as this work result in smoother films with very low surface coverage of ridge-and-valley structures. [33] Conversely, Lee et al. observed increased surface roughness as the reaction time increased for interfacial polymerization at the liquid-liquid interface, and the PA exhibited the traditional ridge-and-valley structures. [32] Comparing these findings, it is clear that the formation of ridge-and-valley structures through interfacial polymerization process does not require the pore structures typically seen in porous support used for fabricating TFC membranes. Most significantly, unlike the self-limiting growth of PA layer on porous supports, the GLIP process with both PHEMA and PAAm hydrogels allows continuous growth of the PA layer presumably due to the ample supply of MPD within the hydrogel. . [6] However, PA layers on porous supports normally exhibit self-limiting growth as the data confirmed from using varied concentrations of MPD in a fixed concentration of TMC solution. [34] In another study, the MPD-PA layer formed after 1 min reaction on porous support reached 343 nm ± 82 nm, [27] which was thicker than the MPD-PA layers formed on PAAm hydrogel under identical formulation and reaction time (Figure 4c ).
Furthermore, the PA layers formed on PAAm hydrogels appear thicker than those formed on PHEMA hydrogels under identical GLIP conditions. These comparisons suggest that PA layers can grow continuously if monomers are available. The self-limiting growth on porous supports is most likely due to the complete consumption of the monomers. Typically, diffusioncontrolled growth mechanism suggests h (t) ~ t 1/2 . [4, [35] [36] However, the data in 2 / , respectively. Koros [37] reported the diffusion coefficient is around
2 / for a molecule with 4-6 carbon to transport through a dense polymer film. The diffusion coefficients obtained here appear to be on the upper bound of the range, which can be attributed to the hieararchical (and porous) structure of the polaymide layers.
Properties of selected PA layers derived from the GLIP process
In the following section, the chemical properties of the free-standing PA layers were characterized with ATR-FTIR and XPS, while their local and effective mechanical properties were probed with AFM-based measurements and a wrinkling-based method, respectively.
Given the large number of samples, measurements were made on samples with 15 s and 16 min reaction times. Table S3 , which are consistent with the vibrational signatures of MPD-PA layers on uncoated reverse osmosis membranes and the PIP-PA layers formed on nanofiltration membranes. [25, 38] Furthermore, peaks at 1733 cm -1 for MPD-PA and 1737 cm -1 for PIP-PA are observed and are associated with the C=O stretching in carboxylic acid groups. For both samples, the measurements made with the bottom surface contacting the ATR crystal show stronger signal of carboxyl groups. This is attributed to the fact that hydrolysis of mesoyl chloride groups arising from the PA network is more severe near the hydrogel surface. As a result, higher concentration of carboxyl groups forms near the bottom surface. The sampling depth of the ATR measurements is estimated to be 300 nm at 1600 cm -1 wavenumber for PA with a refractive index of 1.5. Therefore, the carboxyl groups appear stronger when the bottom surface of the PA layers is in contact with the ATR crystals. Note that the presence of carboxyl groups in PA layers normally can decrease the salt rejection of the reverse osmosis membranes. [39, 40] Next, XPS measurements were carried out on selected MPD-PA and PIP-PA films, which were synthesized on PAAm hydrogels. Table 1 [25] PA layers formed by the GLIP process require slightly longer reaction times (> 15 s) to have an equivalent O/N ratio, which is one metric of crosslink density in these PA active layers.
Using a wrinkling-based method, the elastic modulus of the free-standing PA layers were measured. [14] A MPD-PA film with 15 s reaction time on a PAAm hydrogel was transferred onto a PDMS (10:1) surface that was under a 10 % tensile strain. Upon unloading of the PDMS, the MPD-PA film was under a compressive loading and formed periodic wrinkles, which was imaged by AFM (Figure 6a) . From the wrinkling wavelength, λ, the elastic modulus Ef of the PA film can be estimated using, [14] = 3
where is the Young's modulus of the PDMS (1.8 MPa ± 0.2 MPa from DMA measurements), ℎ is the thickness of the PA layer, and vf and vs are the Poisson's ratio of PDMS and MPD-PA, correspondingly. From AFM measurements, λ = 1757 nm ± 48 nm and the MPD-PA layer thickness is 83.6 nm ± 8.7 nm. Assuming vf = 0.39, and vs = 0.49, 6 Ef of the MPD-PA layer formed after 15 s is estimated to be 0.23 GPa ± 0.27 GPa. This value agrees well with that reported for MPD-PA nanofilms with similar thickness, [6] but is lower than that reported on PA-layers from a composite reverse osmosis membrane (1.4 GPa) [41] and well-known PA from nylon (≈3 GPa). For thicker PA films (1 µm or above), delamination occurs during the PDMS unloading, and the wrinkling method becomes ineffective.
In addition to the wrinkling method, AFM operated in fast-force mapping mode provides us with a surface modulus map of MPD-PA films. Because the top surface is too rough to perform accurate measurements, only the bottom surface of the MPD-PA with 1 h reaction time was examined. As shown in Figure 6b , the modulus of the MPD-PA appears non-uniform with values ranging around 0.37 GPa, which is close to but noticeably higher than the wrinkling measurements. The discrepancy in the modulus values can be attributed to the fact that wrinkling methods probe the effective modulus of the entire films, while the AFM-based measurements are only sensitive to the effective modulus within the stress field generated by the AFM probe. It is likely that the porosity near the bottom surface as sensed by the AFM measurements is lower than that throughout the entire layer. Nevertheless, the range of modulus (Figure 4 ). In addition, it is possible that the porosity of the PIP-PA is lower than that of the MPD-PA. Regardless of the origin, PA layers resulting from the GLIP process can effectively reduce the dehydration rate of the hydrogels, which could be useful for high-temperature application such as the fuel-cell membranes.
[42]
Conclusion
In this study, we demonstrate controlled growth of PA layers on the surfaces of hydrogels using a gel-liquid interfacial polymerization (GLIP) process. There are similarities between the MPD-based and PIP-based GLIP process: (1) homogeneous hydrogels, the heterogeneous hydrogel systems produce thicker and more porous PA layers that can be easily separated from the hydrogels. The study confirms that PA barrier layers can form atop hydrogels without any physical pores as demonstrated in the case of homogeneous gel. The GLIP process, i.e. the use of gels as reaction reservoir, is applicable to other solvent, monomer, or gel systems to form either hybrid skin layers as reported in our earlier study, [13] or form pure polymer layers atop the gels. Such a facile method can be important for applications of gels (homogenous or heterogeneous), elastomers or hydrated polymers where barrier layers are needed, and vacuum-based methods are not applicable. 
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